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ABSTRACT

The results of a literature survey and indoor and outdoor experiments
have been combined to develop a_preliminary computer model of oil spill

tate and behaviour in pack ice leads. The model is based largely on

- theoretical copS_idera@ig_@s and small-scale experimental results and requires

full-scale verification. _Thé areas of niajor uncertainty are in heat transfer

trom a large, oiled lead and in the effects of waves and wa#e damping by

slush ice in large-scale leads,

The output of the model concentrates on the amount of oil available
for countermeasures as a function of time, Both the experiments and the
model indicate that very little o.il. is .in.corporated into growing ice in a
lead; most remains on the surface of the new ice exposed to the
atmosphere, Snowfall and lead closure resulting in ridging are considered to
be the major processes that encapsulate oil and render it unavailable for

countermeasures.



RESUME

Les résuitats d'une étude bibliographique ainsi que d'expériences sur le
terrain et en laboratoire ont concouru & fa construction d'un modeéle informatisé du
devenir et du comportementdes nappes d'hydrocarbures dans les chenaux libres de
glace. Le modéle donne, en fonction du temps, la quantité résiduelle
d'hydrocarbures qui peut faire I'objet de mesures d'intervention. La théorie
(modele) et I'expérience montrent que trés peu d'hydrocarbures sont piégés dansia
glace en croissance dans un chenal libre; la plus grande partie reste a la surface de la
nouvelle glace, exposée & I'atmosphére. On considére que les chutes de neige et
fermeture des chenaux qui aboutit & la formation de crétes constituent les
principaux processus de piégeage des hydrocarbures qui, ainsi, échappent aux
mesures d'intervention.
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1.0 INTRODUCTION

'Several_ research prbgr'ams have been devoted to' thé mod.elling of oil
spills in Arctic waters. These have resulted in a number of oil spill fate
models that tend to fall into certain categorie's as defined by Mackay
(1986): (i) open-water trajectory models that may include interaction with '
shoreiines; (i) 'open-water behaviour models that describe the changing
properties and configuration of ofl spills with time; (iii) descriptions of oil
behaviour on shore; (iv} descriptions of oil behaviour in rising blowout
plumes beneath open water or ah ice-covered surface; and (v) descriptions
of "o'il movement under ice. There is, however, a lack of model capability
treating the situation in which a spill on water is subjected to freezing

conditions or a developing ice field (Bobra and Fingas 1986).

Spilled oil would be exposé’d' to such a developing ice tield if it found

'~ its way into pack ice leads in below-freezing temperatures., Leads are long

linear regions of open water formed when sheets of pack ice diverge.
These leads will often open and close depending on wind stresses, water
currents, and ship traffic. Birds, seals, polar bears, and wailrus often
gather in these open water areas making leads one of the most biologically

sensitive areas in ice~covered waters,

1.1 THE STATE-OF-THE-ART

Yarious experimental studies have investigated the fate of oil spilled

© on water or in ice during freezing conditions. Perhaps the earliest of these

was conducted near Ottawa in 1972 (Scott and Chatterjee 1973). These

tests involved pouring 100 litres of Norman Wells crude onto a 13 m? area

of open fresh water on an ice covered pond, Weather conditions were

monitored continuously, as were the physical and chemical properties of the
oil as time progressed. For the first 12 days following the release, the air
temperature was generally in the 09C range and no freezihg occurred. On

day 13, colder temp'eratures and snowfall led to incorporation of the



iveathered oil into slush and the eventual encapsulation of the oil in frozen

" slush,

Similar results were obtained on a larger scale as part of the Balaena
Bay experiments (NORCOR 1975). In this experiment 400 litres of Norman
Wells crude was spilled in a 36 m?2 open water area. The oil was mixed
with blowing snow in -10 to -40°C temperatures to form oiled slush and
was eventually encapsulated. In this and the 1972 experiment, the oil
remained on the surface and was affected primarily by evaporation until
snowfall caused an oil-snow mulch to develop and encapsulate the oil by
freezing. These expérimental results were verified at an actual spill in
Buzzards Bay (Deslauriers 1978) where the effect of snow greatly hindered

cleanup and restricted aerial observation.

Cold room wave tank tests were peftormed by Martin (1980) to
investigate the interaction ot Prudhoe Bay crude c¢il with grease ice. It
was observed that oil released in front of the grease ice was rapidly
_transported into the ice and pumped onto the ice beyond the "dead" zone
where wave. action was damped out. Some oil droplets remained circulating
in the grease ice ahead of the dead zone. This pumping action was also
noted by Metge and Telford (1979) and during the Kurdistan spill {C-CORE
1980).

The fate 61 oil in a closing lead was investig'ated by MacNeill and
Goodman (1'985). In this experiment, leads 1 m wide were created in an
outdoor test basin containing 30 cm thick ice., il was poured intc the
leads and they were manually closed at varying rates. It was concluded
that very little oil ends up beneath t.he ice surface and that the amount
pumped onto the surface of the adjoining edges increases with increasing
closure rate from 20% at 6 ¢m/s to 80% at 12 cm/s. It was noted that lead
closure did not cause oil to flow along the lead using a viscous crude for a

test oil,

Small scale tests were performed by Wilson and Mackay (13986) in a

hoop tank apparatus to investigate the incorporation of various oils in
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developing grease iee ﬁndé‘r agitated eonditions | 'I‘hey concluded that the
amount of oil entrained in ice was increased as a function of the density
and viscosity of the oil, the presence of sufficient t{xrbulence, the formation
of water-in-oil emulsions znd the rineness of the ice particle size (the
optimum size was 5 mm), They also indicated that under quiescent
conditions, the presence of an oil slick may delay the onset of freezmg,

though under agitated ‘conditions it may not._

1.2 OBJECTIVE OF STUDY

The objective of the study was to develop a computer model to predict
the ambunt of oil available for countermeasures as a function of time,
initial oil properties and environmental conditions, in the event of a
significant oil spill in a pack ice lead. A review of the above and other
past work indicated that more experimental data would be required to
construct the model, Information was still missing on 1) the spreading rate

and wind herding of oil on frazil and grease ice over a range of

development stages; 2) weathering rates of oil in freezing situations; and 3)

data on the fraction of oil remaining as a surface slick as a function of
freezing, Before modelling could proceed it was necessary to develop
experimental information in these missing areas, This was accomplished by
condﬁ_cting. work in a wind/wave_ tank and at the National Research Council

outdoor manoeuvering basin in Ottawa.



2.0 EXPERIMENTAL METHODS

The methodology for the wind/wave tank tests (performed to study oil
behaviour in freezing conditions with high winds and waves) is presented
first; the methodology for the outdoor tests (performed to study oil

behaviour in low wind conditions and with snowfall) follows.

2.1 WIND/WAVE TANK TESTS

2.1.1 Wind/Wave Tank as a Simulator

| Figure 1 shows the wind/wave tank at the §.L. Ros.s laboratory., The
tank is 11 m long by 1.2 m wide by 1.2 m deep. A large fan and ductwork
allow the passage of outside air over the water surface at varying wind
speeds. A wave 'pacidle is used to mechanically generate waves of varying
amplitude and period, The tank was fitted with a 40 cm wooden barrier
7.2 m from the upwind edge. This section of the tank simulated a small

1.2 m wide section of a pack ice lead at the downwind edge.

Ice formation in the freshwater tank was found to be very similar to
ice formation in actual pack ice leads as described by Dickins et al. (1986).
Ice crystals formed in the open water area and drifted down the length 613
the tank to pile up against the fixed barrier to form grease ice. Without
mechanically generated waves the grease ice eventually formed a dense dead
zone where it behaved as a solid, Allowed to continue, the entire tank
became covered with slush ice which formed a hard impermeable layer on

the surface,

In the presence of mechanically generated waves the same grease ice
formation was observed but eventually became so. thick that ecirculation
within the ice was suppressed and the surface froze int‘o chunks of
"pancake" ice floating over a grease ice layer. The pancakes formed in the

tank were generally eircular with a diameter of about 30 cm and slightly

Fh
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' FIGURE 1 -Wind/Wave Tank Photo
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turned up edges. This phenomenon of pancake ice formation was well

documented by Martin (1980) and Metge and Telford (1979).

The wind/wave tank set-up can be considered to be an approximate
full-scale representation of a spill situation in which a lead has opened up
and oil has found its way into the open water or forming i.ce‘ tield. Since
the oil in this .sit'uation will ‘quickly spréad and drift to the downwind edge
of the lead, the tests in the wind/wave tank can be used to predict the
fate and behaviour of the oil at the downwind edge as the ice growth
progresses under the influence of a variety of different environmental

conditions,

2.1.2 Test Matrix

The ability of an ice tield to retain quantities of oil within its
structure is presumably a function of the oil's density, viscosity, and
interfacial tension as well as the thickness of the oil layer, the porosity of

the ice field and the level of turbulence present.

The four easily adjusted variables of: windspeed, oil type and volume,
wave height, 'a-nd initial ice 'rriafurity were chosen to form .the test matrix
{Figure 2) since they inéorlpolr'ate all of the parameters thought to affect
the interaction of oil and developing ice. Since each run took up to 24
hours under the right conditions, it was not possible nor was it thought

necessary to do all of the tests in the matrix.

One crude oil, Mixed Sweet Western (MSW) and two mixtures of
Bunker C and automotive diesel were used as test oils., Table 1 shows the

properties of these oils,

Three distinct ice maturities were identified. Iy represents no initial
ice present. Iy is a covering of grease ice at the barrier up to about

15 e¢m thidk and to 50 ¢m upwind from the barrier. The I3 condition
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Iy I I3 I - I3
01 Run 9 Run 1 Run 3 Run 4
Run 2
% Run 13
03 Run 8 Run 12
'01
Run 7 Run 6 Run 5
02 Run 14
03
Run 10 Run 11
Figure 2 : Test Matrix

01, Oz, 03 - 0il Type

I IZ’ I3 - Initial Ice Maturity

Wi, wé - Wave Condition

S1s 33 - Wind Speed




0il Type

Bunker ¢l
Diesel?
MSW2

Bunker C/19% Diesell.

Bunker C/55% Dieseld

TABLE 1: TEST OIL PROPERTIES

Test
Temp,

1°C
0°C
0°¢C
7.59C
2°C

Density
(g/cm3)

1.025
0.838
0.847
0.981
0.917

Dynamic
Yiscosity
(mPas)

2,310,000
3.9
47.3

1480

71.8

Kinematic
Viscosity
(mm2/s)

2,253,658
4.85
55,9
1509
78.3

Source

1. 8.,L. Ross 1987;

2. B_obra and Chung 1986;

3. Measured
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occurred after the transition from slush-like grease ice to a semi-solid but
malleable mass of dense grease ice. W_hen’ waves were present, the I3
condition contained pancake ice. '

Two wave conditions, Wy = no waves generated by the wave paddle

~and Wg = mechanic'ally generated waves, were also used as test variables,

The windspeeds §S; and Sy were 3.5 m/s and 7 m/s respectively, measured

With a hot-filament anemometer at 30. cm above the ice surface,

2.1.3 Experimental Method

The tank was filled with approximately 10,000 L of tap water to a
depth of 0.85 m. The proper initial ice conditions were allowed to develop
for each run with the artificial barrier in place and the blower turned on.
If no initial ice was called for then the water was allowed to cool until ice
crystals just started to appear. ‘The inlet air temperature, the air
temperature at the barrier and the water temperature were all recorded just
prior to adding oil and at regular intervals thereafter, One litre of the
test oil was added at room temperature with the fan moﬁxentarily shut off-

using a spill plate., The oil was spiiled at least 1 m from the barrier so it

‘could spread and cool before the wind herded it into the developing ice.

The first five minutes of each run were recorded on video tape in order to
observe wind herding behaviour, '

When the wave paddle was not used, the experiment was allowed to

‘continue until the surface of the tank was completely frozen over (including

the area underneath th_e' slick). When waves were artificially generated, the

“experiment was allowed to continue until the amount of oil remaining as a

surface slick was thought to have reached equilibrium. The wave generator
was then shut off and the surface of the tank allowed to freeze solid for
analysis,

At the completion of each run, the area and thickness of the surface
slick was measured or estimaﬁed. The slick was then removed with sorbent
material from the surface of the ice. The remaining oil frozen in the ice

was then separated and measured when possible or its percentage of the



‘

total was estimated. A short video tdpe was taken for each run before and
after the surface slick was removed,

2.2 OUTDOOR TANK TESTS

The outdoor tank tests were conducted in late January and early
February in the manoeuvring basin located on the Montreal Road campus of
the National Research Council of Canada in Ottawa. The basin is 120 m
long by 60 m wide and contains fresh water to a depth of 3 m, At the
time of th'e tests the basin was covered with approximately 29 cm of ice
and 50 em of snow. This snow was removed from the test area prior to
the tests. Flgure 3 shows the layout of the experimental plots in the test
~area. Two 10 mx 1 m open water areas were cut in the ice sheet at rlght
‘angles to each other, The first, Lead 1, was used to study the behaviour
and fate of oil in a freezing lead under light wind conditions. The second,
Lead 2, was used to investigate the béhaviour and fate of oil in a freezing
‘lead in higher' wind conditions (along the length of the lead) with snowfall,
Four 1 m x 1 m test squares were cut out and used to examine the effect

of 011 sl1ck thlckness on 011 behavmur and fate ‘processes.

Pigure 3: Qutdoor test tank layout

Y
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2.2.1 Test Procedures

| Prior to putting oil in each lead, the accumulated frazil and slush ice
was skimmed from the water surf.'ace;-:.‘ The oil used for these tests was the
Mixed Sweet Western crude used in the wind/wave tank tests (see Table 1),
Ten litres of this oil was poured, viae a spill plate, ocnto the surface of both

Leads 1 and 2 for a nominal initial thickness of 1 mm., One, two, five and

‘ten litres of oil were poured onto the surface of the four test squares to

give nominal initial thicknesses of 1', 2, 5 and 10 mm respectively,

0il thickness samples were taken periodically using pre-weighed
squares of sorbent pad which were sub.sequentl'y reweighed to determine
thickness {(corrected for density). Grab samples of surface oil from each
test area. were also taken periodically to document oii weathering. The
evaporative loss of therse samples was determined by comparing their density
at 0°C (as determined by a Parr densitometer) 'wit';hrden‘si..ty Vs eva;ﬁorativé
data for the same oil from both field and laboratory tests (S8.L. Ross and
D.F, Dickins 1987).At the same time that the oil samples were taken, snow,
ice and meltwater data were also collected. This involved drilling a hole
through the new ice in the test areas and vﬁeasuring the_ depth of snow
and/or slush on the oil, the depth of meltwater ' beneath the oil and

the thickness of new ice beneath the water,

Air temperatures, wind speed and wind direction were cdntinuousljr
monitored by a computerized weather st.ation. mounted 10 m abd.ve'the ice
level on an observa;ioh tower adjacent to the test tank. Surface
temperatures '(water, 011 and air 1 cm above the lead) were measur.ed
periodically with a thermistor. Ice level winds were measured with a

hand-held thermal anemometer,
The behaviour of the oil in Leads 1 and 2 was recorded by both a

video system mounted on the observation tower and time-lapse 8 mm movies

from a triped-mounted camera on the jce.

- 11 -



3.6 RESULTS AND DISCUSSION

3.1 LITERATURE SURVEY

An on-line search of eleven different scientific databases was carried
out with the objective of revealing any new and/or foreign references
applicable to the study of oil spills in pack ice leads (see Appendix 1). The
search covered papers prepared in Japan, North America, Scandinavia,
Europe and the Sbviet Union, Results demonstrated a paucity of
information on the subject. The search uncovered no significant sources
that were not already known to the study team, Many of these sources
had already been reviewed, and the results used to develop formulations for
lead freezing rates in a previous Environment Canada study (Dickins et al.
1986). Several of what can be considered as basic references in the field

are described briefly below.

Andreas et al.(1979). The Turbulent Heat Flux for Arctic Leads,

The analysis and measurements. described in this paper are appropriate
for small leads in the order of 5 to 10 m wide with relatively mild wind
chill of less than 200 °Cm/s (i.e., conditions representative of this study).
Unfortunately, the mathematics describing turbulent heat flux in this paper
are somewhat impractical in a working field situation. The results of
Andreas were used in conjunction with the work of Bauer and Martin (19883)
to present ice .produc’tion rates in practicél terms of wind speed and

temperature differences, air to water {Dickins et al 1986).

Bauer and Martin (1983). A Model of Grease Ice Growth in Small Leads

This paper provides the i-nost comprehensive analytical treatment of
grease ice production in ‘open water under winter Arctic conditions (wind
chill in excess of 200 °Cm/s) and provides the basis for some of the

mathematical modelling found in Section 4.0. The authors consider that the

..12..
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results of this paper are ap'pl_icable_to small leads with widths in the order

of tens of metres (Martin 1987),

Martin and Kauffman (1981), Field and Laboratory Study of Wave Damping

by Grease Ice

As inferred by the title, the primary objective of this study was. to
look at thé mechanism 6f wave damping where the open ocean swell
penetrates grease ice and pancake ice at the peak ice edge (so called
marginal ice zone). Martin describes naturally oééurring emergence zones
where grease ice has been observed to collect in rows within large leads.
This phenomenon could result in an éffeéti've oil 'hérdiﬁg’ or ébncentrating

mechanism in large leads.

- The existing literature relates directly to the problem of oil freezing
in new ice forming on leads in the presence of wind herding.’ Previous
work can be used as & basis for modelling the results obtained in this study
from the wind/wave tank (Joyce 1987). In considering how 'accurately

model predictions might relate to a field situation, the existing literature

. identifies a number of other environmental factors that could play an

important role in controlling the time taken to establish a solid ice cover
across a lead. One factor, unproved but plausible, is the presence of fog
layers over large open' leads which will tend to décrease' the heat fiux to
the atmosphere (Lo 1980). A second potentially more important factor
concerns the process of Baline convection caused by the exclusion of salt
during the freezing process. Modelling of this process by Kozo (1983)
showed significant circulation in quiet conditions but the model bréke down

in the presence of currents >5 cm/s

-

Any overturning of the water column will slow icing by introducing
warmer deeper water, The density pycnocline common in the Beaufort Sea
effectively insulates the upper layer from deeper heat sources and promotes

rapid refreezing of leads.

_13_



3.2 WIND/WAVE TANK TESTS

A short description of each test run in the wind/wave tank follows.

This initial run was primarily to evaluate and msake changes to the
test procedure. 500 ml of Mixed Sweet Western (MSW) was initially spilled.
The water temperature in the tank was 2.5°C and the air temperature at
the tenk inlet and above the test area were -2.,5 and 0.59C respectively.
There was no ice initially present and the wave generator was off.
Another 500 ml of MSW was added 20 minutes later to bring the slick
volume and area to a more representative level. The slick quickly spread
and drifted to the barrier and the edges of the slick were swirling back
into the centre in a cyclic motion, This unnatural behaviour was corrected
for subsequent runs by moving the barfrier farther down the tank, New ice
crystals were forming 30 minutes after the start of the test and the tank
was completely frozen over in 6 hours when the air temperature over the
slick had dropped to -89C. There was no oil incorporated into the

developing ice in this run,

Run 2

Run 2 was a repeat of Run 1 with the barrier moved farther down and
using one litre of test oil. The températufes during the run were -8 and
-3.5°C for the inlet and test area temperatures and 1.50C for the water
temperature, Ice started forming 2 houfs and 10 minutes after the fan was
started. After 3 hours and 20 minutes;, the slick was on .top of a fairly
solid m.ass of grease ice. After 7 hours and 30 minutes the tank was
completely covered with solid ice about 8 mm thick. Below this, there was
a layer of fine crystals ap)proximatelly 3 cm thick. A thickness sample of
the surface slick showed it to be about 1 mm, although there seemed to be
thicker patches present. All of the oil with the exception of a few
"scattered drops remained on the surface of the ice. The area of the

surface slick was about 3120 em?2 and it was located up agairist the barrier

_14-
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in the same position and shape-as the wind originally herded it to before

the ice growth.

“: Run 3

This run was similar to Run 2 except that an initial covering of slush
ice was allowed to build up to 40 cm from the barrier prior to spilling the
1 L of MSW. The air temperature above the water was -3°C. The oil
guickly herded to the edge -of the grease ice and then slowly migrated
across the surface of the grease ice to the barrier. It took about 3
minutes for the oil to completely spread on top of the slush ice. After §
hoﬁrs and 30 minutes the tank was frozen over and the surface slick was
found to have an area of 3960 cm? next to the barrier where the wind had
originally herded it, After cleaning the surface slick with sorbent pads, it
was found that some of the oil had become trapped in the slush ice that
was initially present. This remaining o0il was removed and had a mass of

approximately 54 g or slightly more than 8% of the original volume,

Run 4

Again 1 L of MSW was spilled under conditions of no waves and a
windspeed 0of 7 m/s. This time there was about 80 c¢m of consolidated
grease ice initially present. The air temperature was -30C over the slick.
The slick was quickly herded to the ice edge as in the previous run but
then spread more slowly on top of it, Once the entire slick was on top of
the ice, the spreading stopped cdmpletely.' There was very little sideways'
spreading and the slick did not expand the full width of the tank. The.run

was stopped after about 1 1/2 hours since the surface slick was completely

~on top of the ice and was no longer exposed to developing ice. It was

found that a small amount of oil was frozen into the ice at the water/ice
edge. This made up less than 1% of the slick volume. The final area of
the surface slick was about 3456 cmZ and it was easily removed from the

surface with sorbent pads.

- 15 -



.Run 5

This began the series of experiménts on the MSW oil type with waves
being generatéd. Run 5 had a wave generator setting of 50 which
corresponded to an :amplitude of about 50 mm at the barrier and a wave
period of 1.58 seconds. In this run there was a 1 m wide covering of slush
ice in the tank just starting Ito form pancakes., The air temperature was
-_2°C. The slush ice thickness was about 20 em. The oil quickly herded to
the ice edge and then made its way to the barrier through the slush-filled'
spaces between pancakes within about 6 minutes. As the oil moved through
the pancake ice field most of it was pumped onto the top of bancakes by
the opening and closing motion of the space.s. The wave generator was
stopped after 2 hours and the tank was allowed to freeze over, It was
found that about 80% of the oil was deposited on top of the pancakes.
Most of the remsainder was stuck to the sides of the tank and the barrier,
About_14 g was determined to be frozen in thé ice (mostly at the edges of
the pancakes) or less 'than 2% of the total volurﬁe. The area covered by
the slick was about 14400 cm?2, It seemed to be evenly distributed

throughout the initial ice cover.
Run 6

1 L of MSW was spilled with an initial grease ice cover to 50 ¢m from
the barrier. The wave generator setting was again 50 and the waves at the
barrier were 60 mm in height. The slick was herded quickly right across
the top of the slush ice to the barrier, After 40 minutes, pancakes started
to form and the crust around the edges was largely saturated with oil,
There was evidence of weak (black) emulsion formation at the barrier and
at the edges of the tank, The surface slick took up an area of §100 cm?2.
It was estimdted that about 10% of the oil was frozen in the ice; mostly in
the form of small droplets 1-2 mm in diameter, ) Tlhese were evenly

distributed beneath the slick.
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. Run 7

The wave generator was set at 60 for a wave period of 1.36 seconds

and a wave of 65 mm at the barrier, One litre of MSW was spilled with no

_ice initially present, The inlet temperatﬁre was extremely cold at -16°C

giving an air temperature over the water of -99C, In less than 2 hours,
there was a covering of slush ice about 20 em thick starting to form
pancakes, The action of the waves 6n the oil against the barrier caused a
significant amount of Idispersion throughout the depth of the tank. This
caused some of the oil to go under the barrier {which extended about
20 cm under water) and resurface or get trapped on the other side. Again
there was weak emulsion formation noted at the edges 6£ the tank. It was
estimated that aboui 20% of the original oil volume became trapped in the

ice,

Run 8

Run 8 was a repeat of the conditions of Run 3 (i.e. initial slush ice
and a windépeed of 7 m/s) except a heavy Bunker C/diesel blend oil was
used. The air temperature was -3 through most of the run. The heavy oil
was quickly herded into one ribbon about 50 to 80 mm wide and 10 mm
thick located at the edge of the ice. After 5 minutes, this slick slowly
rolled up inside the grease ice border, The surface of the tank froze after
2 1/2 hours and the slick was removed easily from the ice surface with a
spatula. As in the other experiments without waves, the oil slick remained

in the same location as the wind originally herded it to.

. Run 9

1 L of MSW was spilled with an initial grease ice cover and a slow
windspeed of 3.5 m/s. The inlet temperature was 0°C and the temperature
over the slick was +3 so the experiment .was. rﬁn dvernight to get cold
enough temperatures, It was noted that the slow windspeed did not herd

the slick toward the barrier very much and natursal spreading determined its
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area. After 14 hours the surface slick area was 8592 em2 and there was no

oil in the ice underneath.

Run 10

1 L of Heavy Bunker C/diesel mix (03) was spilled with an initial slush
ice cover about 40 cm wide and a wave generator setting of 50. The air
temperature was +1.5 at the beginning of the run and dropped to -6 after 4
hours. The heavy viscous oil formed a ribbon at the grease. ice edge as in
Run 8 that slowly made its way to the barrier. From here the cil spread
along both edges of the tank, sticking to the walls along the way.. There

was very little emulsification as there was with the crude oil, 0;. At the

completion of the run, there was only about 30% of the oil remaining as a

surface slick with approximately 5% frozen in the ice and 65% stuck to the

sides of the tank and the'barrier underwater.
Run 11

1L of 03 was added to the open water ahead of a 72 cm wide area of
11 em thick ‘pancake ice., The waves generator was set at 50 and the
waves were 50 mm high at the barrier. The air temperature was -0.5°C.
After 30 minutes the pancake ice had consolidated into 2 large chunks and
most of the oil was in the space between them and on the adjacent edges,
There was some migration down the space to the tank edges but the oil
never did spread all the way to the barrier. After about 4 hours, the
surface slick was removed with a spatula and sorbents. It was found that

about 1% of the oil was trapped in the ice in scattered globs.
Run 12

An extremely heavy oil was mixed with 86% Bunker C and 14% Diesel
for this run giving it a density of 0.995 g/cm3 and a viscosity of 2570 mPas
at 109C., This oil was spilled in front of a consolidated grease ice area in

order to see if the wind would push it underneath the ice edge. The wave
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generator was turned off, The oil formed a large blob about 3 cm thick at

. the edge of the ice and it floated low in the water but would not roll

under or over the ice edge. After 15 hours, the ice around the blobs was

" "at least .3.5 cm thick but there was no ice underneath the oil., None of the

oil was completely encapsulated in the ice although it was sunk in about

1.5 ¢m,
Run 13

The 45% Bunker C diesel mix, 0y was added to the open water ahead
of a small area of grease ice. The wave generator was off. The air
temperature was +2 at the time of the release‘ but there were coldér
temperatures __overnight._ The slick was herded quickly over the grease ice
to the barrier and remained there as the ice developed. After 12 .hour's, it
was found that about 8% of the oil was frozen in the ice in fairly large

blobs and distributed throughout the area where the original slush ice was.
Run 14

‘02 was used in this experimér_lt with the wave generator setting at 50
and no initial ice present. The air temperature was +1 at the beginning
and dropped to 0 later. Figure 4 shows 1I:‘he results of this run after 11
hours, Most of the oil was on the surface either as a slick on top of .the
pancakes or in the form of a weak emulsion at the edges of the tank. An
estimated 30% was frozen in the ice in small drops about 3-5 mm di‘ameter.
However as canl be seen from Figure 4, this was largely due to the crystals
scraping away at oil on the sides of the tank. Finer droplets weare

distributed throughout the ice cover.
Run 15

The purpose of Run 15 was to investigate the behaviour of a highly
viscous oil. - Hibernia B-27 was chosen since it is a waxy crude with a 'high

viscosity but a density comparable to that of the MSW (S.L. Ross 1984). It

was added to the open water ahead of a grease ice area extending to 65 cm
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from the barrier, The oil migrated very slowly onto the slush ice surface.
f‘igure 5 shows the slick shortly after release. About 1/2 of the slick was
puéhed on top of the ice and the rest stayed in open' water, Slush ice
eventually formed underneath the slick and stopped it spreading altogether.
Twelve hours later the slick had moved forward but its area had not
changed. The slick was easily removed from the surface of the ice and it

was noted that it left a fairly deep' impression in the ice surface,

Figure 6 summarizas the results obtained from these tests.
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Figure 4b:

Oiled pancake

side view



Pigure 5: Wind herding of the slick into gfease ice
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Figure 8: Sumrmiry of test results




3.3 DISCUSSION OF RESULTS

3.3.1 Effect of Wind Speed

Wind speed affects a number of processes that are important to oil
fate and behaviour, Information already exists on: 1) the rate of
evaporation (Mackay_ 1980), ii) the grease ice thickness and coverage time
for a lead (Dickins et al, 1986), iii) the wave heights for a given lead,
which were treated as a sep.arate variable in these experiments, iv) the
drift rate and final location of the slick, and v) the slick thickness and
area due to wind herding (Energetex 1981). What remained to bhe
determined from these experiments was the effect of wind on the

distribution of oil in developing ice situations.

In order to aécorﬁplish this, it was originally thought that three
different windspeeds would be req_uired in the tank tests. After the first
few expe_i'iments, however, it was decided that only two windspeeds would
be required, In fact, only one test was performed with a windspeed of
3.5 m/s and all of the others were done at 7 m/s, The reasons for this
were: | | |
1. It was discovered that with the I3 initial ice co.ndition and no waves,

the oil slick would quickly migrate across the open water and any

fresh grease ice until it reached the dense dead zone. This effectively
stopped spreading and drift. Similar behaviour was noted by Wil_son
and Mackay (1986), Therefore, for modelling purposes, the dead zone
can be tre#ted'as impermeable and wind herded slick thicknesses can
be calculated from data on wind herding against a fixed barrier from

experiments by Energetex (1981).

2.  Difficulties were encountered in freezing the tank using windspeeds
lower than 7 m/s, which was the maximum speed attainable with the
blower used.

3. | Other tests for this project conducted at a larger, outdoor tank in
Ottawa (see Section 3.4) provided good data on the behaviour of oil in

freezing situations under quiescent and low wind speed conditions.
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4. The one experiment with a 3.5 m/s windspeed showed a larger surface
slick area, as expected, and no oil frozen into the ice. Lower

windspeeds were not expected to give more useful results,

3.3.2 Effect of 0Qil Type

An oil's densxty and viscosity seem to be important for determmlng
the amount of oil frozen in ice: dens1ty because it determmes the buoyancy
of the oil in the water or the water/grease ice mixture, and viscosity
because it determinés the oil's ability to break up into par_ticles that are
small enough to migrate through the porous grease ice and also because it
affects the thickness of the slick. A higher oil density will increase the

amount of oil frozen in the ice as shown consistently in the experiments

for oils 0; and 0q. These oils have similar viscosities but 09 is more

dense. This relatlonshlp was alsé found by Wilson and Mackay (1986) The
effect of viscosity is not as clear. There appears to be two different
processes by which oil can become incorporated into the ice. The first is
by infiltration from above as in Runs 3 and 13 where there were no waves
and an initial grease ice cover. In this case the low viscosity oil tends to
be encapsulated in large globs; a low viscosity seems to permit the oil to
move throﬁgh the ice crystals more freely. The highly viscous 03 o0il was

not encapsulated at all in run 8,

The second process was noted only when waves were generated. This
involves dispersion of the slick into the water column and a resurfacing of

the oil droplets to become trapped in the grease ice. In this case, a high

'v150051ty would ‘nhibit resurfacing through the grease ice, thus

encapsulating the 011 ‘The resuit is an even distribution of 1-2 mm
diameter oil droplets in the final ice éover. This was the explanation used
by Wilson and Mackay (1988) in their bench scale mixing experiments.
However, the high viscosity may also somewhat inhibit dispersion of the
slick to begin with, These experiments showed that there was more

encapsulation with a non-viscous oil for the same wave and ice conditions.
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It therefore must be concluded that the amount of oil frozen in the ice

decreases with increasing viscosity by virtue of both processes.

3.3.3 Effect of Wave Condition

‘Waves are a significant factor in the interaction of oil and ice not
only because they provide mixing energy but because they affect the
process of ice formation and also induce dispersion of the slick into the
water column. As previously mentioned, pancake ice forms in the presence

of waves while a dense dead zone forms without them.

It was found that the fraction of oil incorporated into ice is increased
considerably by wave action. Waves also have a large effect on the
spreading of the slick. The oil seems to be able to spréad readily in the

slush around pancake ice as shown in Runs 5 and 11.

The ex'periments'without waves showed that the slick rarely exceeds
its wind herded slick area in all ice conditions, The pancake ice gene}ated
by waves caused two dimensional spreading that w-‘as. nof stdi)ped imtil the
oil was pumped on top of the pancakes or expanded to fill the test area of

the tank.

3.3.4 Effect of Initial Ice Maturity

In the presence of mechanically generated waves, it was found that

the amount of oil in the ice decreased with increasing ice maturity. The

_major factor in determining the amount in the ice under wave conditions .

was dispersion of the_' slick and subsequent resurfacing of the droplets.
This dispersion only happened when there was no ice présent and to a
lesser extent when there was slush ice preéent. The slush ice may dampen
the w_av'e action and also limit the_.d_ownwelrling currents necessary for
dispersion, It is reasonable to assume that the final amount in the ice was

related to the amount of time that the slick was exposed to open water
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‘dispersion or dampened slush ice dispersion. The presence of an initial ice

‘cover only reduces or eliminates this exposure time. In addition, most of

the dispersion occurred at the